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ABSTRACT 

++ 
Intra-colonial transport of soluble organic compounds, and Ca , is examined in the hermat yeic corals Acropora cervicornis (Lamarck) and Montastrea annularis (Ellis at-& SoJfnder), using isotopic C- 

labelled HCO-, protein hydrolysate, alanine, glycerol and glucose and Ca . Results support earlier 
contentions ?hat these materials can be transported over considerable distances, and that the direction 

t of transport is toward zones of maximum growth and calcification. 

KEY WORDS: Intra-Colonial Transport, Organic Compounds, CA++, Acropora cervicornis, Montastrea 
annularis, Calcification 



INTRA-COLONIAL TRANSPORT OF ORGANIC COMPOUNDS AND CALCIUM I N  
SOME ATLANTIC REEF CORALS 

Dennis L. Taylor  

I n t r o d u c t i o n  

Light-enhanced c a l c i f i c a t i o n  i n  hermatypic 
c o r a l s  i s  known t o  be dependent  upon t h e  photo- 
s y n t h e t i c  a c t i v i t y  of  micro-algal  endosymbionts 
1 4 .  The r a t e  o f  ca lc ium d e p o s i t i o n  i n  t h e  
l i g h t  w i l l  exceed t h a t  observed i n  t h e  d a r k ,  o r  
i n  p h o t o s y n t h e t i c a l l y  i n h i b i t e d  a n i m a l s ,  by a  
f a c t o r  o f  3-4 ( 2 ) .  T r a n s l o c a t i o n  o f  symbiont 
p h o t o s y n t h e t i c  p roduc ts  i s  u s u a l l y  invoked a s  t h e  
most wide ly  accep ted  mechanism c a p a b l e  of  s a t i s -  
f y i n g  t h e  e n e r g e t i c  demands o f  t h e  phenomenon a s  
i t  i s  p r e s e n t l y  known ( 5 ,  6 ) .  Beyond t h i s  
g e n e r a l i z a t i o n ,  l i t t l e  i s  known about  t h e  r o l e  o f  
s p e c i f i c ,  symbiont-derived m e t a b o l i t e s  a f f e c t i n g  
c a l c i f i c a t i o n  r a t e s .  I n  f a c t ,  t h e  major compo- 
n e n t s  o f  t h e  o r g a n i c  complement e x c r e t e d  by sym- 
b i o n t ~  & situ ( e . g . ,  g l u c o s e ,  g l y c e r o l  and 
a l a n i n e ) ,  f a i l  t o  s t i m u l a t e  t h e  d a r k  ( o r  i n h i b i -  
t e d )  c a l c i f i c a t i o n  r a t e  i n  exper imenta l  s t u d i e s  
of  P o c i l l o p o r a  damicorn is  ( 7 ) ,  and Acropora 
c e r v i c o r n i s  ( 8 ) .  At p r e s e n t ,  t h i s  m a t t e r  i s  
u n r e s o l v e d .  

A n a l y s i s  of growth and form i n  d e n d r i t i c  and 
massive c o r a l s ,  s u g g e s t s  t h e  e x i s t e n c e  o f  a  
s t r o n g  d i r e c t i o n a l  component i n  s k e l e t o g e n e s i s  
t h a t  i s  due t o  d i f f e r e n t i a l  growth r a t e s  w i t h i n  
c o l o n i e s .  Among d e n d r i t i c  s p e c i e s  ( e . g . ,  A. 
c e r v i c o r n i s ) ,  t h i s  m a n i f e s t s  i t s e l f  a s  a n  en- 
hanced r a t e  of  c a l c i f i c a t i o n  n e a r  t h e  t i p  o r  
t e r m i n a l  po lyp  ( 3 ) .  Among massive s p e c i e s ,  ob- 
v i o u s  v a r i a t i o n s  i n  growth form e x i s t .  These a r e  
d i r e c t l y  a t t r i b u t a b l e  t o  ambient l i g h t  i n t e n s i -  
t i e s ,  and cor responding  d i f f e r e n c e s  i n  i n t e r -  
c o l o n i a l  growth r a t e s  ( e . g . ,  Montas t rea  
a n n u l a r i s ) .  Usua l ly  t h e  r e s u l t  i s  a  p r o g r e s s i o n  
i n  growth form beginn ing  w i t h  a  hemisphere i n  
s h a l l o w  d e p t h s ,  and ending i n  a  f l a t  p l a t e - l i k e  
form i n  deeper  f o r e - r e e f  a r e a s  ( 9 ) .  

I n  s t u d i e s  of  A. c e r v i c o r n i s ,  Pearse  and 
Muscat ine ( 3 )  observe  t h a t  r e l a t i v e l y  few 
symbionts  occur  i n  t i s s u e s  a s s o c i a t e d  wi th  t h e  
t e r m i n a l  polyp.  N e v e r t h e l e s s ,  t h e  h i g h e s t  r a t e s  
o f  c a l c i f i c a t i o n  occur  i n  t h i s  r e g i o n .  They 
conc lude  t h a t  symbiont p h o t o s y n t h a t e  i s  t r a n s -  
l o c a t e d  th rough  t h e  animal  t i s s u e s  and u t i l i z e d  
i n  t h i s  r e g i o n  of  maximal demand. Some d a t a  a r e  
p r e s e n t e d  which s u p p o r t s  t h i s  h y p o t h e s i s .  

Accumulated d a t a  t h e r e f o r e  s u g g e s t :  ( 1 )  
t h a t  d i f f e r e n t i a l  r a t e s  o f  c a l c i f i c a t i o n  occur  
w i t h i n  i n d i v i d u a l  c o l o n i e s  o f  hermatypic  c o r a l s ,  
and t h a t  maximal zones of c a l c i f i c a t i o n  e x i s t ;  
( 2 )  t h e  maximal zone i n  A. c e r v i c o r n i s  i s  t h e  
t e r m i n a l  po lyp ;  ( 3 )  t h e  maximal zone i n  M. 
a n n u l a r i s  v a r i e s  a s  a  f u n c t i o n  of  ambient l i g h t  
i n t e n s i t y  and e f f e c t s  g r o s s  c o l o n i a l  morphology; 

( 4 )  symbiont photosyntha te  and/or  o t h e r  m a t e r i a l s  
must be t r a n s l o c a t e d  w i t h i n  t h e  colony i f  maximal 
r a t e s  a r e  t o  be s u s t a i n e d  i n  t h e s e  zones.  The 
d a t a  which fo l low r e s u l t  from s t u d i e s  des igned  t o  
p rov ide  b a s i c  in format ion  r e l a t i v e  t o  t h e s e  sug- 
g e s t i o n s .  

M a t e r i a l s  and Methods 

The development of methods f o r  & g& 
measurements was pursued over s e v e r a l  y e a r s  
beginning i n  1971. Experiments r e p o r t e d  h e r e  
were c a r r i e d  o u t  i n  t h e  l a t t e r  h a l f  o f  1975, and 
e a r l y  1976, when techniques  were p e r f e c t e d .  Ex- 
per imenta l  s i t e s  were l o c a t e d  n e a r  C h u r c h i l l  
Beach, Grand Bahama I s l a n d ,  Bahamas and Dancing 
Lady Reef ,  Discovery Bay, Jamaica. Work w i t h  A. 
c e r v i c o r n i s  was done a t  t h e  former s i t e ,  whi le  
work w i t h  5. a n n u l a r i s  was done a t  t h e  l a t t e r  
s i t e .  

Experiments on l ~ n t r a - c o l o n i a l  t r a n s p o r t  
were performed us ing  C-label led sodium b i c a r -  
bonate  (40mCi/mM), p r o t e i n  h y d r o l y s a t e  
(45mCilmil l ia tom o f  C),  g lucose  (2mCi/+), gly-  
gyro1  (5mCi/mM) and a l a l i n e  (lOmCi/mM), and 

CaC12 (40mCi/mM). Colonies  were prepared  and 
l a b e l l e d  i n  s i t u  u s i n g  SCUBA, and t h e  b a s i c  p las -  
t i c  bag method employed by Barnes and Taylor  
( l o ) ,  modif ied t o  s u i t  exper imenta l  requ i rements  
( s e e  below). Incuba t ions  were timed t o  occur  
between 1000 and 1400 hours  and l a s t e d  4  hours .  
A .  c e r v i c o r n i s  was sampled and incubated a t  a  - 
depth  of  20 mete rs .  M. a n n u l a r i s  was sampled and 
incuba ted  a t  a  dep th  o f  35 mete rs .  

D i f f e r e n c e s  i n  phys ica l  form r e q u i r e  d i f -  
f e r e n t  methods t o  e s t a b l i s h  c o n d i t i o n s  f o r  
d i s c r e t e  l a b e l l i n g  of  a r e a s  on t h e  co lony .  

a .  A. c e r v i c o r n i s :  L a b e l l i n g  o f  t h e  t e r m i n a l  
1 cm of i n d i v i d u a l  branches was ach ieved  by 
a t t a c h i n g  5  x  10 cm c l e a r  p l a s t i c  bags t o  t h e  t i p  
us ing  e l a s t i c  bands t o  form a  t r i p l e  s e a l .  
L a b e l l i n g  of  d i s t a l  r e g i o n s  of branches was ac- 
complished s i m i l a r l y ,  by c u t t i n g  12 cm l e n g t h s  of  
branch and a t t a c h i n g  bags t o  t h e  d i s t a l  1 cm. 
These were then  suspended o f f  t h e  bottom u s i n g  
underwater  f l o a t s .  

Fol lowing incuba t ion ,  bags were removed, and 
t h e  branches  were c o l l e c t e d  and r a p i d l y  f r o z e n  
f o r  a n a l y s i s .  Frozen branches were c u t  i n  1 cm 
l e n g t h s ,  t h e  1 cm enclosed by t h e  bag d u r i n g  
l a b e l l i n g  was d i s c a r d e d ,  and t h e  remaining p i e c e s  
processed f o r  count ing  ( s e e  below). 



DISTANCE FROM TIP (CM) DISTANCE FROM TIP (CM) 

F i g u r e  1. L a b e l l i n g  of  A. c e r v i c o r n i s  a t  t h e  F i g u r e  2. L a b e l l i n g  of  A. c e r v i c o r n i s  a t  t h e  

t i p .  A .  14c0' ( 2 . 6  pCi/ml f i n a l  a c t i v i t y ) ,  d i s t a l  end.  See F i g u r e  1 f o r  d e s c r i p t i o n .  
3 

B. 14c-protein h y d r o l y s a t e  ( 2 . 7  pCi/rnl 
45Ca++ 

f i n a l  a c t i v i t y ) ,  C .  ( 1 . 5  p ~ i / m l  

f i n a l  a c t i v i t y ) .  Mean 1 s tandard  devia-  

t i o n .  Closed c i r c l e s  a r e  exper imenta l ,  open 

c i r c l e s  a r e  fo rmal in  c o n t r o l .  



S e p a r a t e  exper iments  t o  de te rmine  leakage  
d u r i n g  i n c u b a t i o n  i n d i c a t e d  t h a t  l e s s  t h a n  1 .5% 
o f  t h e  l a b e l  was l o s t ,  and t h a t  t h i s  had no e f f e c t  
on observed f l u x e s .  

b .  5. a n n u l a r i s :  D i s c r e t e  l a b e l l i n g  o f  a r e a s  
near  t h e  c e n t e r  and edge o f  p l a t e s  was accom- 
p l i s h e d  by mounting p l e x i g l a s s  r i n g s  ( 5  cm h i g h ,  
2  cm i n s i d e  d i a m e t e r )  on t h e  p l a t e  wi th  semi- 
cured  s i l i c o n e  aquarium cement a s  a  g a s k e t ,  and 
e l a s t i c  hold-downs t o  keep t h e  r i n g  s e c u r e .  
P l a s t i c  bags were then mounted on t h e  r i n g  u s i n g  
e l a s t i c  bands.  

Fol lowing i n c u b a t i o n ,  bags and r i n g s  were 
removed, and t h e  p l a t e s  c o l l e c t e d  and r a p i d l y  
f r o z e n  f o r  a n a l y s i s .  Frozen p l a t e s  were c u t  with 
a  s u r g i c a l  bone saw a s  2  cm wide s t r i p s  a long  t h e  
v e c t o r s  i n d i c a t e d  i n  F i g s .  3  and 4 .  Labe l led  
a r e a s  under t h e  r i n g  were d i s c a r d e d ,  and t h e  
s t r i p s  c u t  i n t o  1 cm p i e c e s  f o r  p r o c e s s i n g  and 
c o u n t i n g  ( s e e  below). 

S e p a r a t e  exper iments  determined t h a t  t h e r e  
was no d e t e c t a b l e  l eakage  from t h i s  system d u r i n g  
i n c u b a t i o n .  

Prepared  samples of  both s p e c i e s  were pro- 
c e s s e d  f o r  c o u n t i n g  by ( 1 )  e x t r a c t i o n  i n  hotlzO% 
e t h a n o l / w a t e r  f o r  1 hour i n  t h e  c a s e  of  4 5 E ~  
l a b e l l e d  specimens,  o r  ( 2 )  i n  t h e  c a s e  of  
l a b e l l e d  m a t e r i a l ,  c l e a n i n g  i n  50:50 C1orox:sea- 
wate r  f o r  4  h  t o  remove t i s s u e ,  and d i s s o l u t i o n  
o f  t h e  s k e l e t o n  i n  c o n c e n t r a t e d  H C 1  + 0 . 1  m l  1- 
b u t a n o l  t o  r e t a r d  foaming ( 2 ) .  Samples were 
counted by l i q u i d  s c i n t i l l a t i o n  count ing  u s i n g  
Aquasol (New England Nuclear )  a s  a  g e l  fo l lowing  
p r e v i o u s  methods ( 2  ) . 

Observa t ions  

Data from exper iments  employing 14c-label-  
&d sodium b i c a r b o n a t e ,  p r o t e i n  h y d r o l y s a t e  and 

CaC12 a r e  r e p o r t e d  g r a p h j g a l l y  i n  F i g s .  1-4. 
Data from exper iments  wi th  C- labe l led  g l u c o s e ,  
g l y c e r o l  and a l a n i n e  a r e  e s s e n t i a l l y  i d e n t i c a l ,  
and w i l l  n o t  be t r e a t e d  f u r t h e r  f o r  t h i s  r e a s o n .  

A n a l y s i s  o f  A. c e r v i q g r n i s  l a b e l l e d  a t  t h e  
t i p  ( F i g .  I ) ,  shows t h a t  A-C-label led compounds 
( i . e . ,  p h o t o s y n t h a t e ,  and p r o t e i n  h y d r o l y s a t e )  
a r e  c o n f i n e d  t o  t h i s  r e g i o n  and those  a r e a s  ad- 
j a c e n t  t o  i t .  They a p p a r e n t l y  a r e  n o t  t ranspor -  
ted4qjor$+than 2-3 cm from t h e  t i p .  L o c a l i z a t i o n  
o f  Ca i n  t h e  s k e l e t o n  i s  s i m i l a r .  However, 
i& does n o t  move a p p r e c i a b l y  when compared t o  t h e  

C- labe l led  m a t e r i a l s  no ted .  Formal in-k i l l ed  
c o n t r o l s  show no s i g n i f i c a n t  l a b e l l i n g  o r  t r a n s -  
p o r t .  Comparison wi th  branches l a b e l l e d  a t  t h e  
d i s t a l  end i s  d r a m a t i c .  I n  t h e s e  exper iments  a n  
obvious  m o v w n t  of  m a t e r i a l s  can  be demonstrated 
( F i g .  2 ) .  C- labe l ledcompounds  s h o w a s t r o n g  
p r e f e r e n t i a l  movement t o ~ ? r d g + t h e  t i p ,  and tend 
t o  accumulate  t h e r e .  Ca i n  t h e  s k e l e t o n  
behaves s i m i l a r l y .  

S i m i l a r ,  and analogous r e s u l t s  a r e  ob ta ined  
i n  experiments  on t h e  f l a t  growth form of  M. 
a n n u l a r i s  ( F i g s .  3  and 4 ) .  Labe l led  compounds 
a p p l i e d  a t  t h e  forward "growing" edge of  p l a t e s  
move p r e f e r e n t i a l l y  i n  t h e  zone of  maximal 
growth, and show l i t t l e  tendency t o  move towards 
t h e  c e n t e r  of  t h e  p l a t e  ( F i g .  3 ) .  A n a l y s i s  of  
t o t a l  DPM a long  each v e c t o r  shows t h a t  both t h e  
d i r e c t i o n  and magnitude of  f l u x  i s  conf ined  t o  
t h e  "growing" edge. Appl ica t ion  of l a b e l l e d  
m a t e r i a l s  9 cm back from t h e  forward "growing" 
edge ( F i g .  4 ) ,  p rov ides  f u r t h e r  in format ion  on 
t h e i r  t r a n s p o r t  i n t o  zones of  maximal growth. 
Again, both d i r e c t i o n  and magnitude o f  movement 
i s  towards t h e  forward edge.  

Discuss ion  

These experiments  provide ev idence  f o r  t h e  
e x i s t e n c e  of  a  system f o r  intra;$olonial t r a n s -  
p o r t  o f  o rgan ic  compounds and Ca i n  hermatypic 
c o r a l s .  Both t h e  d i r e c t i o n  and magnitude of  
movement f a v o r s  t r a n s p o r t  towards zones o f  maxi- 
mum growth and c a l c i f i c a t i o n  i n  t h e  s p e c i e s  
s t u d i e d .  These a r e  r e g i o n s  which may be expected 
t o  have t h e  h i g h e s t  apparen t  demand f o r  metabo- 
l i t e s  and m a t e r i a l s .  

Transpor t  o f  o rgan ic  compounds w i t h i n  c o r a l  
c o l o n i e s  i s  no t  s u r p r i s i n g ,  and h a s  been sug- 
g e s t e d  i n  t h e  work of  o t h e r s  (3,  1 0 ) .  Data 
p resen ted  h e r e  provide support  f o r  t h i s  e a r l i e r  
s p e c u l a t i o n ,  a l though  they do no t  p rov ide  in- 
s i g h t s  i n t o  t,iie t r a n s p o r t  mechanism i t s e l f .  I n  
c o n t r a s t ,  Ca movement w i t h i n  c o l o n i e s  seems 
s u r p r i s i n g ,  i f  n o t  unnecessary.  I$+is d i f f i c u l t  
t o  e n v i s i o n  a  requirement  f o r  Ca t h a t  would 
exceed sources  of  d i r e c t  supply a t  o r  near  t h e  
s i t e  of  u t i l i z a ~ t j o n .  Never the less ,  t h e  d a t a  
i n d i c a t e  t h a t  Ca i s  t r a n s p o r t e d  a t  l e a s t  12 cm 
i n  M. . a n n u l a r i s ,  and 10 cm i n  A. c e r v i c o r n i s .  
These a r e  c o n s i d e r a b l e  d i s t a n c e s ,  and they a r e  
i n d i c a t i v e  o f  an a c t i v e  mechanism s a t i s f y  ing  de- 
mand f o r  m a t e r i a l s .  

I n t r a - c o l o n i a l  t r a n s p o r t  of  m a t e r i a l s  and 
m e t a b o l i t e s  p rov ides  a  means of  expanding t h e  
a v a i l a b i l i t y  o f  r e s o u r c e s ,  and c o n c e n t r a t i n g  
t h e i r  e f f e c t  i n  l i m i t e d  zones of  demand. I n  some 
r e s p e c t s  t h e  system may be modelled a f t e r  a  
s imple ,  l i n e a r  food cha in :  a  p o r t i o n  of t h e  
r e s o u r c e  be ing  u t i l i z e d  a t  t h e  s i t e  o f  a c q u i s i -  
t i o n ,  and t h e  remainder being passed on t o  t h e  
nex t  c e l l u l a r  complement i n  t h e  g r a d i e n t  l e a d i n g  
t o  maximal demand. It should be p o s s i b l e  t o  
c a l c u l a t e  r a t e s  o f  t r a n s f e r  and de te rmine  phe 
e n e r g e t i c s  of  t h e  system on t h i s  b a s i s .  Such 
c a l c u l a t i o n s  would be an i n t e g r a l  p a r t  of  any 
carbon budget developed f o r  a  hermatypic c o r a l  
and would provide information on t h e  dynamics of  
growth w i t h i n  t h e  colony. 

Exis tence  of  t r a n s p o r t ,  and t h e  concept  of  
an i n t r a - c o l o n i a l  "food chain",  w i t h  i t s  sug- 
g e s t i o n  o f  d i f f e r e n t i a l  u t i l i z a t i o n  o f  r e s o u r c e s ,  
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Figure  3.  L a b e l l i n g  of M_. a n n u l a r i s  a t  t h e  edge. 

A .  14c0; ( 2 . 6  11Ci/rnl f i n a l  a c t i v i t y ) ,  8 .  

1 4 ~ - p r o t e i n  h y d r o l y s a t e  ( 2 . 7  1.I C i / m l  f i n a l  
45  ++ 

a c t i v i t y ) , C .  Ca ( 1 5 1 ! C i / m l f i n a l a c t i -  

v i t y ) .  Closed c i r c l e  i n d i c a t e s  o r i g i n .  Not 

l e s s  than  50 DPM ; 50-150 DPM , 
g r e a t e r  than  150 DPM . D .  Diagram 

o f  p l a t e ,  a = o r i g i n .  A l l  d i s t a n c e s  i n  cm. 

ATTACHED EDGE 0. 

FORE -REEF "GROWING" 
EDGE 

F i g u r e  4 .  L a b e l l i n g  of  M. a n n u l a r i s  n e a r  

See F i g u r e  3 f o r  d e s c r i p t i o n .  

c e n t e r .  



potential gradients of materials and metabolites 
and inter-cellular partitioning of resources, 
raises some serious questions about the way in 
which stable isotopes (e.g., oxygen and carbon) 
may find their way into the tissues and skeleton 
of hermatypic species. These questions have not 
been approached, yet the transport of organic 
compounds and inorganic ions may have lasting 
effects on the isotopic ratios observed, and 
their interpretation m y  be seriously effected. 
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